Background and Purpose: Hypocapnic cerebral vasoconstriction is used therapeutically to reduce elevated intracranial pressure caused by cerebral edema. Because cerebral ischemia/reperfusion injury causes a selective loss of prostanoid-dependent responses, including vasodilation to hypercapnia, we designed these experiments to examine the effect of ischemia/reperfusion on hypocapnic cerebral vasoconstriction.
C erebral blood flow decreases in response to hypocapnia. 1 -3 The mechanism appears to involve changes in extracellular fluid pH, 1 which could act directly or by inducing the production of an as yet unidentified vasoconstrictor substance.
In newborn piglets, prostanoids play an important role in the control of the cerebral circulation, 4 and hypercapnia-induced vasodilation is accompanied by an increase in cerebrospinal fluid (CSF) prostanoids. Furthermore, hypercapnic cerebral vasodilation is inhibited by indomethacin, 5 ' 6 whereas hypocapnic vasoconstriction is not affected by indomethacin.
See Editorial Comment, p 1616
Cerebral ischemia/reperfusion elicits a profile of selective blockade of prostanoid-dependent responses (hypercapnia and hypotension) that closely resemble the action of indomethacin. 4 ' 8 Therefore, we designed these experiments to study the effects of cerebral ischemia/reperfusion on hypocapnic vasoconstriction. In addition, known responses to hypercapnia, isoproterenol, and norepinephrine were also tested for comparison.
Materials and Methods
All protocols were approved by the Animal Care and Use Committee of the University of Tennessee, Memphis.
Ten newborn pigs (1-4 days old) were anesthetized with ketamine hydrochloride (33 mg/kg i.m.) and acepromazine (3.3 mg/kg i.m.) and maintained on a-chloralose (50 mg/kg initially followed by 5 mg/kg per hour i.v.). Catheters were placed into a femoral vein and artery. The venous catheter allowed for fluid and drug administration, and the arterial catheter was used for continuous blood pressure monitoring and for withdrawal of arterial blood for measuring gases and pH. The trachea was intubated with a 3.0-mm (i.d.) straight endotracheal tube, and the animals were ventilated with room air. Body temperature was maintained at 37-38°C with a servo-controlled overhead radiant warmer. The scalp was removed, and a hole 2 cm in diameter was made in the skull over the parietal cortex. The dura and arachnoid membranes were cut without touching the brain, and all cut edges were reflected over the bone so that the periarachnoid space was not exposed to damaged tissue. A stainless steel and glass cranial window was placed in the hole and cemented into place with dental acrylic. The space under the window was filled with artificial CSF (aCSF) (220 mg KC1, 132 mg MgCl 2 , 221 mg CaCl 2 , 7,710 mg NaCl, 402 mg urea, 665 mg dextrose, 2,066 mg NaHCO 2 per liter; pH, 7.33; Pco 2 , 46 mm Hg; Po 2 , 43 mm Hg) through needles incorporated into the sides of the window. The volume of fluid directly under the window was approximately 500 fil and was contiguous with the periarachnoid space.
Pial arterioles were observed with a Wild M38 dissecting microscope, a television camera (digital model 5010, Panasonic Corp., Secaucus, N.J.) mounted on the microscope, and a video monitor (model CT 2081 Y, Panasonic). Vessel diameter was measured with a video microscaler (model VPA 1000, For-A-Corp, Los Angeles, Calif.).
The CSF under the window was replaced with aCSF, and a pial arteriole (50-150 /am) was measured during an initial control period of 10 minutes. Tests of vascular reactivity consisted of 1) hyperventilation by increasing the respiratory rate (to 40-70 breaths per minute) to reduce Paco 2 to approximately 22 or 15 mm Hg, 2) hypercapnia by ventilating the piglets with a 10% CO 2 -21% O 2 gas mixture, 3) topical application of isoproterenol (10~7 M), and 4) topical application of norepinephrine (10~7 to 10" 4 M). The tests were done in random order, and during each of these tests pial vessels were observed for a 10-minute period. The window was flushed with aCSF after each treatment and the arteriole allowed to recover (minimum 10 minutes) between treatments.
Cerebral ischemia was produced as described in detail previously. 8 To produce cerebral ischemia, a hollow epidural bolt was implanted in the skull in an area distant from the cranial window. The bolt was screwed into the skull through a similar sized hole and sealed with bone wax and dental acrylic. After implantation of the window and bolt, at least 20 minutes were allowed before experimentation was begun. Briefly, a manometer and aCSF reservoir were connected to the hollow bolt and the intracranial pressure increased to 15 mm Hg above mean arterial blood pressure. In addition, the animals had blood withdrawn to limit the Cushing response. This was usually 10-20 ml/kg blood to limit the blood pressure to a maximum of 100 mm Hg. This procedure produces zero cerebral blood flow as previously measured by microspheres. 8 Cerebral ischemia was maintained for 20 minutes, the pressure was released to atmospheric, and the hollow bolt resealed. A reperfusion period of 45 minutes then followed, and the tests of vascular reactivity were repeated in random order.
Data were analyzed using an analysis of variance for repeated measures and Scheffe's post hoc test. In all cases, a value of p<0.05 was considered significant. Values are reported as mean±SEM.
Results
Mean arterial blood pressures, arterial blood gases, and pH values are shown in Table 1 . During hyperventilation, pH increased and Paco 2 decreased. Conversely, during hypercapnia, pH decreased and Paco 2 increased. These changes were not different before and after ischemia. Arterial blood pressure and Po 2 were not significantly altered by any intervention. Table 2 shows the changes in pial arteriolar diameters, and percent change in vessel size is depicted in Figure 1 . The most important finding is that pial arterioles constricted similarly in response to hyperventilation (hypocapnia; Paco 2 , "=22 mm Hg) both before and after ischemia/reperfusion. In addition, greater hyperventilation (Paco 2 , =15 mmHg) produced similar pial arteriolar constriction before and after ischemia/reperfusion (28±2% versus 26±1% constriction before and after ischemia, respectively; n=4). In contrast, hypercapnic dilation was lost after ischemia/reperfusion, and the responses to isoproterenol and norepinephrine were unchanged by ischemia/reperfusion. Figure 1 illustrates constriction in response to 10~4 M norepinephrine. The dose-response relation between pial arteriolar diameter and norepinephrine was likewise unchanged by ischemia. Thus, constrictions to norepinephrine at 10~7, 10" 6 , and 10" 5 M were 9±1%, 16±2%, and 24±1% before and 9±1%, 15±1%, and 25±1% after ischemia, respectively (i=4).
Discussion
The new finding from the present experiment is that ischemia/reperfusion does not alter the cerebral vasoconstriction induced by hypocapnia, in contrast to complete inhibition of hypercapnic cerebral vasodilation. 4 ' 6 In addition, the dose-response relation between pial arteriolar diameter and norepinephrine was likewise unchanged by ischemia. The present study, therefore, extends the previous observation that pial arteriolar constriction in response to serotonin and angiotensin II was similarly unchanged after ischemia/reperfusion in cats. 9 Impairment of cerebral vasodilation and preservation of cerebral vasoconstriction could contribute to blunted reperfusion of the cerebral circulation after cerebral ischemia. 9 Control of regional perfusion by lowering Paco 2 is a therapeutic approach used to vasoconstrict the cerebral circulation, thus attenuating the elevated intracranial pressure caused by cerebral edema, 10 and to vasodilate the pulmonary circulation in persistent pulmonary hypertension of the newborn. 11 In both settings, hyperventilation decreases Paco 2 to levels at which cerebral blood flow is significantly decreased. In addition, others have observed that hyperventilation results in elevated cerebral lactate production indicating a cerebral blood flow insufficient to maintain the same level of aerobic metabolism. 12 Because hyperventilation has been reported to adversely affect the outcome of patients with severe head injury, this therapeutic approach remains controversial. 13 Prostanoids play an important role in control of the cerebral circulation during the perinatal period. 4 tor responses to hypercapnia 5 and histamine 14 seem to be dependent on prostanoid production. Constrictor responses can also be dependent on prostanoids, as observed with acetylcholine and endothelin.
1516 Alternatively, prostanoids can also attenuate constriction, as seen with norepinephrine. 17 The present findings require that we consider different mechanisms for dilation and constriction in response to changes in Paco 2 from baseline in the newborn period.
The cellular mechanism by which Paco 2 influences the cerebral circulation remains unclear, especially in light of the apparently different mechanisms involved in vascular responses seen when CO 2 is increased or decreased from baseline. With the dilator response that accompanies hypercapnia, prostanoids increase and participate in dilation. 4 A similar response is seen when acid is used to lower the pH of CSF. 6 A possible hypothesis is that the interstitial acidosis that accompanies hypercapnia causes an increase in prostanoids, which act through an adenylate cyclase mechanism in smooth muscle, causing vasodilation. 18 An alternate mechanism, however, must be suggested to account for the vasoconstriction seen with hypocapnia. We speculate that hypocapnia (increased pH) may act directly on vascular smooth muscle via alternate second messengers, such as inositol 1,4,5-trisphosphate, which have the capability of increasing cystolic calcium concentration to induce vasoconstriction.
In summary, the present study shows that ischemia/ reperfusion does not alter newborn cerebral vasoconstriction in response to hypocapnia. These data support the hypothesis that prostanoids are not involved in hypocapnic cerebral vasoconstriction and further the hypothesis that at least two mechanisms must be involved in Paco 2 influences on the newborn cerebral circulation. We suggest that prostanoids are required for vasodilation, and an as yet unidentified vasoconstrictor mechanism is invoked during hypocapnic vasoconstriction.
